Raman spectroscopy, with both resonant and non-resonant excitation, and infra-red (IR) spectroscopy, in the attenuated total reflection (ATR) configuration, was employed to study lattice vibration modes in a set of carbon-doped GaN (GaN:C) epilayers grown by metalorganic vapour phase epitaxy (MOVPE). We analyse Raman and IR-ATR spectra from the point of view of possible effects of the carbon doping, namely: (i) local vibration mode of C atom in a N sublattice (whose frequency we theoretically estimate as 768 cm -1 using an isotope defect model), and (ii) shift in the positions of longitudinal modes owing to the phonon-plasmon coupling. We find only some indirect hints of the doping effect on the resonant Raman spectra. However, we show theoretically and confirm experimentally that the IR-ATR spectroscopy can be a much more sensitive tool for this purpose, at least for the considered structures. A weak perturbation of the dielectric function of GaN:C, caused by the substitutional carbon impurity, is shown to produce a measurable dip in the ATR reflectivity spectra at ≈ 770 cm -1 , for both p-and s-polarizations. Moreover, it influences a specific (guided-wave-type) mode observed at ≈ 737 cm -1 , originating from the GaN layer, which appears in the narrow frequency window where the real parts of the two components of the dielectric tensor of the hexagonal crystal have the opposite signs. This interpretation is supported by our modelling of the whole multilayer structure using a transfer matrix formalism.
I. Introduction
Gallium nitride (GaN) is a very important semiconductor material because it is the basis for optoelectronic devices operating in the blue range and white light LEDs [1] . The work leading to the development of the technology of this material, in the 1990s, was highlighted with the Nobel Prize in Physics in 2014. The investigation of the properties of GaN and related materials, in particular, new doping possibilities (a necessary process to make LEDs), continues to be active because there are large companies interested in improving the technology and explore new applications. In particular, 2 doping with carbon is attractive as a method of achieving p-type conductivity of GaN (which usually grows unintentionally n-type doped), compatible with the use of silicon substrates and therefore with Si-based electronics [2] . More than 10 years ago this possibility was demonstrated for the first time [3] , however, the doping behavior of C atoms in GaN crystal still is a matter of debate. In order to achieve p-type doping of GaN, C atoms should occupy neither cation lattice sites nor interstitial positions but be located in the anion sublattice sites [4] because it would produce an autocompensation effect [2] . If succeeded, it would pave the way towards high-power devices (e.g. highpower high-electron-mobility transistors) that can be integrated into Si-based electronic circuits.
The assessment of the doping behavior of carbon in GaN by means of direct methods (such as Hall effect measurements) offers some interpretation difficulties and the results are not completely conclusive. In fact, many published reports witness that GaN:C samples do not exhibit p-type conduction but are semi-insulating [5] , which may be the auto-compensation effect. Another possibility to gain information concerning the preferred positions occupied by carbon atoms in the crystal lattice of GaN epilayers, which consists in looking at the lattice vibration modes that can be affected by the presence of electrically active or inactive carbon atoms [4] . In fact, at least three possible effects can be indicated: (i) appearance of local vibration mode(s) produced by carbon atoms (note that interstitial atoms usually are weakly linked to the lattice and their low-frequency vibrations are not detectable in practice), (ii) renormalization of the frequencies of longitudinal optical phonon modes when the concentration of free carriers is sufficiently high, or, in other words, formation of coupled plasmon-phonon modes, which has been measured experimentally for a number of heavily doped polar semiconductor materials including n-GaN [6] , and (iii) impurityinduced broadening of the phonon modes detected by means of Raman and infrared (IR) spectroscopies. While the latter is not quite informative, the first two effects, if present, can provide, at least, qualitative information concerning preferred location of carbon atoms in the GaN crystal lattice, and this is the scope of the present work. Raman spectroscopies, with both resonant and nonresonant excitation were employed to study lattice vibration modes in a set of GaN:C epilayers grown by metalorganic vapour phase epitaxy (MOVPE) and here we present and discuss the obtained results. As known, IR spectroscopy can provide additional and complementary information concerning phonon or coupled phonon-plasmon modes, for instance, transmittance measurements at oblique incidence provide both TO and LO modes and their interpretation is somewhat simpler than in the case of Raman spectroscopy for uniaxial crystals [7] . Because of the relative complexity of the MOVPE grown multilayer structures (see Fig. 1 ) we opted for using the attenuated total reflection (ATR) configuration where only a near-surface region of the structure is probed by the evanescent electromagnetic wave created in this method [8] . The interpretation of ATR spectra is more involving (and interesting) and it is also presented in this paper.
II. Experimental details
The samples studied in this work were epitaxial heterostructures with (0001) surface, grown in a MOVPE AIXTRON 6" Non-resonant Raman spectroscopy studies were performed using an Alpha300 R confocal Raman microscope (WITec) and a 532 nm Nd:YAG laser for excitation. The spectra were measured at room temperature (RT), in a backscattering geometry (laser power 1.5 mW; 100x Obj; 1800 g/mm; 2 s; 20 acquisitions, no polarisers were used). Resonant Raman spectra were measured at RT using a JobinYvon LabRaman HR spectrometer equipped with a multi-channel air cooled (−70 •C) CCD detector, in the backscattering geometry, using the 325 nm excitation line of a He-Cd laser. , by using a globar source, a KBr beam-splitter and a DTGS detector with KBr window. Incident light was polarized with a KRS-5 polarizer. The background spectral intensity was acquired when no sample is placed on the prism, so that total reflection occurs. E symmetries can couple directly to light, i.e. they are IR active. The frequencies of the Raman and IR-active modes in GaN are well known experimentally [4, 7, [10] [11] [12] [13] and have also been calculated theoretically [14] [15] [16] .
These data agree with each other to within 2-3 cm -1 . The mode frequencies taken as reference, in this work, are listed in Table I ; they were compiled from Refs. [10] [11] [12] [13] [14] [15] [16] . Let us make a simple estimate based on the classical lattice dynamics theory for imperfect crystals [17] that we recently applied to another material [18] . Assuming that a carbon atom inserted into the nitrogen sublattice of GaN can be modelled as an isotope defect with a mass parameter 
where  enumerates branches of the phonon spectrum of the unperturbed crystal,
is the density of states (DOS) of the corresponding branch (normalized to unity for each mode) and
the vibration eigenvalue amplitude on the sublattice where the impurity atom is located (that is,
is a projection factor of the total DOS onto the said sublattice). For any optical phonon branch it can be estimated as
, since the eigenvectors of optical phonons are inversely proportional to the square root of the atomic mass. The factor of 1/2 accounts for the fact that a GaN unit cell contains two anions (of which only one is substituted by C). Then we can introduce an effective defect strength of the cation isotope defect,
, which yields a value of 0   ≈ 0.05 in our case. It represents the purely isotopic defect. Equation (1) can be solved by making a simple approximation for the unperturbed densities of states (normalized to unity for each branch), for instance, using a linear combination of several Lorentzian functions. With four Lorentzians we have been able to imitate reasonably well the numerically calculated optical phonon DOS for GaN [14] [15] [16] . To some extent, the defect strength may be treated The local mode, if exists, is expected to be observed by Raman spectroscopy in all symmetry allowed geometries (neglecting its fine structure), although the signal can be weak. The Raman selection rules summarized above apply to non-resonant scattering. Under resonance conditions, the Fröhlich mechanism of electron-phonon interaction whose contribution to Raman scattering is forbidden by the formal selection rules corresponding to phonons with exactly zero momentum ( ), becomes very strong [19] . As a result, one should not expect to see the local mode when real electron-hole pairs are excited by incident photons and the Raman spectrum should be dominated by a strong LO phonon resonance driven by the Fröhlich interaction of the electrons and holes with phonons whose wavevectors lie close to (but not exactly at) the -point. On the other hand, local mode vibrations involving ions should result in dipole moment oscillations and therefore such a mode should perturb the dielectric function of the material (see Fig. 3 and Eq. (9) below). 
B. Phonon-plasmon coupling
When the free carrier concentration ( N ) in a polar semiconductor becomes so high that the plasma frequency,
(where   is the high-frequency dielectric constant and * m is the effective mass) approaches the LO phonon frequency, LO  , the plasmon-phonon coupling takes place and it leads to the appearance of mixed elementary excitations known as plasmon-phonon polaritons. In the small damping regime the frequencies of these excitations are most easily obtained as zeros of the real part of the dielectric function that includes both optical phonon and plasmon contributions,
where TO  is the TO phonon frequency and TO  and p  are the phonon and plasmon damping parameters. Equation (3) is valid for the simplest case where only one optical phonon branch exists.
In such case, there are two zeros of
   

Re
(upper and lower polariton modes). Experimentally, in 7 principle, both modes can be observed by either Raman [20] or IR transmission spectroscopy [21] and the modes' positions depend on the doping level. In particular, this effect was observed for ntype doped GaN (electron concentrations n > 10 17 cm -3 ) with an upward shift, a broadening and a decrease of the intensity of the Raman peak originating from the upper phonon-plasmon coupled
mode. An appropriate theoretical analysis can yield an estimate of the free carrier concentration. 
C. ATR and phonon-polaritons
What should we expect to find in IR ATR spectra? In contrast with Raman and oblique incidence IR transmission spectra, ATR spectral features do not immediately indicate certain phonon mode frequencies. The evanescent wave coming out of the ATR prism couples only to polar excitations with sufficiently large wavevectors that lie beyond the light cone (and therefore do not interact with usual propagating waves). Examples of such excitations are surface surface phonon-polaritons (SPPs) for a polar dielectric or surface plasmon-polaritons for a metal. The necessary condition for the existence of such waves is that (the real parts of) the dielectric constants of the two interfacing media have opposite signs [8, 22] . For an interface between vacuum and an isotropic dielectric medium (or semiconductor) it occurs for the frequencies within the so called reststrahlen band
) and the dispersion relation of the surface phonon-polaritons (SPPs) is well known,
, where x k is the SPP wavevector. A dip in the ATR reflectivity spectrum occur at a frequency for which the SPP dispersion curve crosses the so called ATR scanline,
where p  is the beam incidence angle in the prism. Combining (4) with the above dispersion relation where     is from Eq. (3) (neglecting the plasma term) yields:
where
is the surface mode frequency for
For a uniaxial material with c axis normal to the surface, the SPP dispersion relation ) ( x k  follows from the equation [8, 22] : The solution of the system of equations (6) and (4) Experimentally, such a mode was observed at 699 cm -1 in ATR studies of wurtzite GaN [23] .
Although the GaN top layer in our structures is quite thick (4 μm), the interface with the buffer layer may influence the frequency of the vacuum/GaN surface mode and eventually originate other spectral features (in fact, it does, as we shall see below!). Relatively thin (≈1 μm) GaN layers on substrates different from AlGaN have been studied by IR-ATR spectroscopy [24, 25] and indeed in this case the measured surface mode frequency is somewhat different from that observed in Ref.
[23]. To consider the GaN/AlGaN interface, we need to model the dielectric function of the latter. It is well established that the LO phonons of hexagonal AlGaN alloy follow one-mode behaviour while the rest of the Raman or IR active modes exhibit a two-mode behaviour [7] . In terms of phononrelated dielectric function, this situation can be understood as usual two-mode behaviour, however, the oscillator representing the AlN-like mode is rather weak and
   
Re does not attain zero in the region between the GaN-like and AlN-like TO phonon frequencies. Therefore we model the dielectric function of the Al 0.5 Ga 0.5 N alloy, in the isotropic approximation which is sufficient for our purposes, in the following standard way [26] : The phonon mode frequencies are presented in Table I where those related to AlN and Al 0.5 Ga 0.5 N were obtained from Fig. 4 of Ref. [27] and the high frequency dielectric constants were taken from
Ref. [28] . The second column for the alloy contains the "isotropic" values (obtained in the usual way, i.e. 1/3 of the value corresponding to c-axis plus 2/3 of the in-plane value minding that squares of the phonon frequencies are averaged). The dielectric function of the Al 0.5 Ga 0.5 N alloy is shown in Fig. 4 (compare to Fig. 3 for GaN:C). We notice that the real part of it is negative in the broad region from 570 to 810 cm -1 which overlaps with the GaN reststrahlen band. Polariton modes in a GaN layer cladded by two semi-infinite media (air and AlGaN alloy) can be obtained in a number of ways. We did not find in the literature ready expressions for the case of two unequal cladding media, so we had to do it ourselves and we found it convenient to use the formalism employing the Fresnel coefficients, which link the complex amplitudes of the reflected and transmitted waves to that of the incident electromagnetic wave. It is important to notice that even though we have a uniaxial crystal film, its c axis is normal to the interfaces (i.e. coincides with z axis of the system) and therefore the system has axial symmetry. It means that p-and s-polarized waves are decoupled from each other and can be considered separately. Here we are interested in p polarization.
The Fresnel coefficients, 
. As known [29] , surface polaritons yield zeros of the common denominator of p rˆ and p t (if damping is neglected) when the wavevector components along the z axis are imaginary for all the media constituting the structure, i.e. Fig. 4 ). This feature is analogous to the so called Berreman mode observed in reflection spectra of thin films of polar dielectrics deposited on a metal [30] .
As for the third mode seen at ≈ 740 cm - (Fig. 5 ) and also in s-polarization. We also notice that the guided wave mode is slightly pushed downwards and the Berreman-type mode is a little bit shifted towards the higher frequencies when the local mode contribution (9) is included.
IV. Results and discussion
A. Non-resonant Raman spectra
The spectra shown in Fig. 6 (Table I) . Even though its intensity seems to correlate with the carbon concentration, in fact, its variation between different samples is not very significant when the intensity is normalised to the spectral maximum (see inset in Fig. 6 ). These observations exclude any significant phonon-plasmon coupling in our samples, which was observed in Ref. [6] for n-type doped GaN. In that work, an upward shift, a broadening and a decrease of the intensity of the Raman peak originating from the coupled plasmon-LO-phonon mode was observed for electron concentrations n > 10 17 cm -3 , while nothing like this is seen in our case. Taking the effective mass of holes 6.5 times larger than that of conduction band electrons [13] , we can conclude from Eq. (2) Figure 6 . Room temperature Raman spectra of three different doping GaN:C samples (nominal C concentration increases from sample #1 to #2 to #10). The insets show fragments of the spectra enlarging the A 1 (LO) mode normalised to the Si mode intensity (left) and a weak extra mode at ≈ 650cm -1 (right).. Excitation wavelength 532 nm.
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Beyond the "proper" GaN modes, we also observed: (i) a very strong peak located at ≈ 520 cm -1 , and
(ii) an extra mode at ≈ 650 cm -1 , much weaker in intensity and seen for all GaN:C samples studied (inset in Fig. 6 ). The former was verified to originate from the silicon substrate. Owing to the high transparency of the heterostructure to the 532 nm light and the large thickness of the silicon substrate, this mode caused by Si LO/TO phonons dominates the Raman spectrum (while it is absent under resonant conditions, see below). Concerning the weak peak (ii), it might be related to a local vibration mode of the carbon impurity (more likely in the nitrogen sublattice, according to its frequency) and we are carrying on further investigation in order to understand the origin and relevance of this mode to the scope of this study. However, it looks plausible that it may be related to the AlN-like ) ( 2 h E mode of the underlying AlGaN layer. Indeed, such a mode has been observed in AlGaN alloys with Al fraction exceeding 0.6 [6, 27] . In Ref. [27] its existence is assumed also for lower Al fraction and linear extrapolation yields a frequency somewhat below 650 cm -1 for Al 0.5 Ga 0.5 N.
B. Resonant Raman spectra
Raman spectroscopy results obtained under UV (resonant) excitation for different C doping of GaN:C thin films are presented in Fig. 7 . Although the spectra contain LO phonon-related features up to the 5-th order [11] , they are dominated by the strong exciton photoluminescence (PL) band which is commonly observed in GaN crystals with different doping characteristics, located at ≈ 3.4
eV at room temperature [31] , as it is the case of our spectra. In contrast with the non-resonant spectra of Fig. 6 , in which only one phonon-related feature is seen, which is designated as LO mode. As mentioned in Sec. IIIA, the (forbidden in the dipole approximation) interaction of excitons created under resonant excitation with longitudinal optical phonons with small but finite wavevector becomes so strong that the symmetry-dictated formal selection rules become irrelevant [19] . [9] .
Resonant Raman spectroscopy (RRS) data indicate that the carbon doping suppresses exciton PL (compare the spectra of the three samples in Fig. 7 ). This is a common phenomenon and it does not necessarily mean that the impurity is electrically active. The incorporation of impurities can simply increase the nonradiative recombination rate even if the impurities produce very deep levels and are in an electrically inactive state. Indeed, the importance of the trapping process has been demonstrated for GaN and it is likely to be directly related to C based defects [32] . Moreover, electron transitions from the conduction band to defect or impurity states can cause characteristic photoluminescence, such as yellow and green emission bands in GaN [31] [32] [33] , which have been attributed to C N O N complexes [32] and isolated C N atoms [33] , respectively. It is evident that each of these concurrent (defect-mediated radiative and nonradiative) mechanisms decreases the intensity of the exciton PL in the ultraviolet (UV) range. A more detailed discussin of the PL emission is beyond the scope of this work. Let us just notice that there is some decrease in the excitation transition energy with doping since the centre of the PL band shifts to the right from sample #1 to #10 (Fig. 7) . We may suggest that the UV band observed in our RRS spectra is composed of many lines originating mostly from excitons bound to impurities and their complexes, at least for the heavier doped samples #2 and #10.
A plethora of such emission lines have been observed in detailed low-temperature studies of GaN crystals [31] . The unequal separations between the subsequent LO peaks make us think that they do not represent the true multiphonon Raman effect (i.e. scattering with the simultaneous creation of several optical phonons). As discussed in Ref. [34] in relation to similar spectra of doped ZnO films, the observed multiple LO phonon "resonant Raman effect", in fact, is a sequence of (phonon-assisted) indirect processes of light absorption and emission by excitons. Understanding of the RRS spectra in terms of the previously published cascade model [35] implies that the carbon doping does not decrease the exciton-phonon interaction, as one might expect if the impurity provided additional charge carriers that would cause a strong screening of the Frӧhlich interaction between the longitudinal optical phonon and the exciton.
Although these Raman results and electrical measurements [2] suggest that carbon doping does not provide the desired high concentration of free carriers, it is not possible to tell whether it is due to that the fact that the majority of the carbon atoms are in an electrical inactive-state or there is a 15 strong self-compensation effect. Our theoretical estimates (Sec. IIIA) suggest that carbon substituting gallium should not produce a local vibration mode, therefore it cannot be detected by any lattice vibration spectroscopy method. Yet, as we shall see in the next section, IR-ATR spectroscopy can clearly reveal the local vibration mode due to carbon atoms in the nitrogen sublattice. Figure 8 shows the relevant frequency domain part of the ATR spectra for the three analysed samples using polarized light. As expected, the s-polarized spectra are essentially featureless with the reflectivity close to unity because in the shown spectral region no phonon-polaritons exist in this polarization. The p-polarized spectra in Fig. 8 The vacuum/GaN SPP mode (i) is unexpectedly broad and appears considerably lower in frequency than predicted for the model considering the GaN layer cladded by semi-infinite vacuum and AlGaN media in Sec. IIIC (see Fig. 5 ). In order to clarify this point, we undertook a direct modelling of the ATR spectra of the whole structure (including the prism and the substrate, which were treated as semi-infinite media). They were calculated using a general 4×4 transfer matrix method [36] (see Appendix for details). The dielectric functions of GaN, zz  and xx  , were taken with the local mode contribution (9) included (the parameters are given in the caption of Fig. 3 ), while for AlGaN we used expression (7) with N=2 to describe the two mode behaviour and evaluate both zz  and yy xx    considering ρ 1 =0.9, ρ 2 =0.1 and the parameters of Table I (here 1 and 2 refer to the modes in   the table in As already explained in Sec. IIIC, the dip related to the guided mode (ii) appears approximately at the LO phonon frequency because it is stuck to the narrow frequency window
C. IR-ATR spectra
and 2 p is real if the phonon damping is neglected. We notice a small but clearly seen downward shift for the sample (#10) containing the highest carbon concentration, according to the SIMS data, as compared to the other two (see Fig. 8 ). As we saw in Sec. IIIC, the existence of a local impurity mode affects the position of this feature, pushing it to the lower frequency.
The mode (iii) at ≈ 770 cm 
V. Conclusions
We presented a comprehensive study of a number of MOVPE grown associated to carbon atoms is seen, which can be too weak to be detected in Raman spectra.
In the resonant Raman scattering spectra (RRS), we observed a strong and broad photoluminescence (PL) band with superimposed multiple LO phonon peaks. The intensity and the position of the PL band clearly correlate with the carbon concentration, which implies that the exciton binding energy is slightly reduced with doping. It might be because of the screening produced by additional free carriers introduced by the doping (holes if carbon atoms are in the nitrogen sublattice or electrons if they are in the gallium sublattice). On the other hand, interpreting the higher-order LO phonon peaks in the RRS spectra in terms of the cascade model [34, 35] implies that the carbon doping does not decrease the exciton-phonon interaction, as one might expect if the impurity provided additional charge carriers. The observed decrease in the UV emission intensity with the increase of the carbon content can be explained by the onset of competing (radiative and non-radiative) impurity-mediated recombination mechanisms [31] . The obtained RRS spectroscopic data are not sufficient for definitive conclusions concerning whether any considerable fraction of the carbon atoms are in an electrically inactive state or not. The carrier concentration, even if affected by the doping, is too low to influence the Raman-active modes. With the rather high nominal carbon doping level (evaluated by SIMS) and the presence of some carbon atoms in the nitrogen sublattice (revealed by IR-ATR spectroscopy results), it can be understood by the auto-compensation effect caused by the presence of C atoms in both sublattices. A completely clear picture of carbon doping in GaN is still to emerge.
Far infra-red spectroscopy, performed in the ATR configuration, shows the presence of surface polariton mode of the interface GaN/vacuum (appearing as a broad band at at 620-630 cm -1 owing to the finite vacuum gap between the sample surface and the ATR prism) and a guided wave mode in the GaN layer (near 737 cm -1 ). This interpretation relies on the results of the spectra modelling performed using the transfer matrix method. This mode appears in the calculated spectra only if the GaN anisotropy is taken into account, so the hexagonal crystal structure is quite important for understanding the structure of the ATR spectra [37] . With the IR-ATR spectroscopy, we have been able to observe a feature appearing in both s-and p-polarizations, which we interpret as the carbon local vibration mode, based on the presented modelling results. Its position (≈ 770 cm -1 ) agrees very well with the theoretically estimated value of loc  and the intensity correlates with the nominal C concentration in different samples. Additional indirect evidence of the local vibration mode effect on the ATR spectra comes from the fact that the guided wave mode is slightly downshifted in the most heavily doped sample (#10), which is a theoretically expected effect.
We would like to point out that IR-ATR spectroscopy turns out to be the most sensitive tool (as compared to other spectroscopies applied in the present work) for this purpose, at least for the considered structures. A weak perturbation of the dielectric function of GaN:C, caused by the substitutional carbon impurity, produces a very subtle spectral feature in conventional reflection spectra (see Appendix, Fig. A1 ), compared to the ATR reflectivity spectra (Fig. 9) . The theoretically expected GaN/AlGaN interface mode (of the Berreman type) is almost not seen in our IR-ATR spectra. We tentatively explain this fact by possible fluctuations of the thickness and/or composition of the underlying AlGaN layer within each sample but further investigation is required in order to assert this point.
Appendix. Transfer matrix method for electromagnetic waves in anisotropic layered structures
Here we present analytical expressions of the transfer 44 matrix method applied to electromagnetic plane waves reflected or transmitted at a stratified medium formed by isotropic or anisotropic homogeneous layers. More detailed treatments can be found in [33] and references therein. 1 Consider an electromagnetic wave of angular frequency  (wavenumber in vacuum k 0 = /c) incident on a pile of N parallel faced layers between incidence (or ambient) and exit semi-infinite media. All media are linear, homogeneous and non-magnetic. The incidence and exit media are denoted by the indices a and f, respectively. The incidence medium is isotropic with real refractive index n a , while the layers and exit media can be isotropic or anisotropic (with principal complex refractive indices n x , n y , n z ). Let (A p , A s ), (B p , B s ) and (C p , C s ) represent the complex amplitudes of the p-polarized (polarization parallel to the plane of incidence) and s-polarized (polarization perpendicular to the plane of incidence) of the incident, reflected and transmitted waves, respectively. Cartesian laboratory coordinate system is defined such that the z axis is perpendicular to layer interfaces, the plane of incidence coincides with the x-z plane and the origin is set at the interface of the incidence and the stratified media.
The four wave amplitudes inside the incidence medium and the transmitted amplitudes inside the exit medium are related by a global 44 transfer matrix, T, which describes the response of the entire 
